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Abstract 
Transportation noise has a growing detrimental impact on the environment, humans health and living conditions. In addition to 
noise mitigation by erection of the expensive noise barriers, tire/pavement noise can be reduced “in source” by construction of 
special asphalt pavements. While that solution is commonly known in regions with moderate maritime climate (e.g. The 
Netherlands), in places with more harsh climate it is not popular. High number (>100/year) of freeze and thaw (F&T) cycles in 
Poland is a significant limitation for porous asphalt technology. This paper presents results of the research work conducted within 
research project called “Innovative pavement technology with reduced noise emission” with acronym CiDRO. The project was 
conducted by a consortium composed of Mostostal Warszawa (leader of the consortium), Warsaw University of Technology – 
Faculty of Civil Engineering and Road and Bridge Research Institute – Department of Pavement Technology (members of the 
consortium). This project was supported by Polish National Centre for Research and Development. Within the scope of the CiDRO 
project presented in this paper, various noise reducing asphalt technologies were tested in both laboratory and field sections. Those 
sections included the following types of wearing course: asphalt concrete AC 11 (reference), stone mastic (matrix) asphalt SMA 5 
and SMA 8, open graded friction course OGFC 8 and OGFC 11, porous asphalt PA8 and PA11. The range of laboratory research 
program consists of typical quality control and evaluation studies of functional characteristics such as resistance to water and frost, 
low temperature cracking resistance, aging resistance, rheological properties and fatigue life. In addition, field tests such as noise 
emissions by CPX and SPB methods, texture depth, friction coefficient and in-situ water permeability were performed. Field tests 
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were repeated following winter period. Moreover, to simulate clogging, dirt (previously collected road debris) was spread on the 
surface and cleaning treatment was performed using specialized equipment. Selected properties of the pavement surface were tested 
to determine the effectiveness of cleaning process. Finally, two most promising sections were proposed for construction as real 
traffic exposed roads and subjected for observation during their exploitation. An initial conclusions and recommendations were 
drawn regarding the mixture maximum aggregate size and air void content. 
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1. Introduction 
In recent years public expectations concerning life quality and ecology increased. According to the EU “Noise 
Directive” (2002/49/EC), noise is classified as one of the pollutants that undesirably affect the environment. 
Transportation noise has a growing detrimental impact on the environment, humans health and living conditions 
(Tracz and Bohatkiewicz 2012).  
According to Sandberg and Ejsmont (2002) transportation noise from vehicles come from three major sources: 
tire/pavement interaction, wind turbulence and vehicle power units (engine, exhaust and transmission). With various 
vehicle types, speed and traffic conditions, different sources of noise dominate. Noise mitigation can be effectively 
conducted not only by erection of the expensive noise barriers, but “in source” by construction special asphalt 
pavement reducing tire/pavement noise (Bańkowski 2011). Depending on the pavement surface, tire/pavement noise 
can be reduced with different efficiency (Gardziejczyk 2005).  
Mixtures for asphalt road construction are typically selected in order to provide durable pavement with adequate 
ride quality and frictional properties. Using modern materials such as modified bitumen supports designing of asphalt 
mixtures resistant for permanent deformation, low temperature and fatigue cracking (Radziszewski et al. 2012). 
Asphalt mixtures for pavement surface layers can be further selected in terms of tire/pavement noise. Although some 
attempts are successful to laboratory study tire/pavement noise (Kowalski et al. 2013), in-situ tests are necessary to 
fully validate acoustic and durability properties of proposed material solutions. Asphalt mixtures for “quiet pavement” 
could be divided for subcategories in terms of their maximum aggregate size, gradation and air voids content (resulting 
in pavement texture and tortuosity). Porous asphalt technology allows for good water drainage and lowers 
tire/pavement noise by adequate texture depth and air voids interconnections. While this solution is commonly known 
in regions with moderate maritime climate (e.g. The Netherlands), in places with more harsh climate it is not popular 
(Nielsen 2005, Huber 2000). Open structure of PA may be potentially subjected for damage while snow plowing, 
more winter de-icing actions may be required and pavement layer can be clogged with road debris reducing water 
drainage and tire/pavement noise mitigation.  
High number (>100/year) of freeze and thaw (F&T) cycles in Poland is a significant concern of road authorities 
for application of porous asphalt technology without in-depth analyses. Although not as good as PA, some SMA and 
OGFC mixtures can also work well in pavement to limit tire/pavement noise without durability disquiets. 
 
Nomenclature 
AC Asphalt concrete 
CiDRO Innovative pavement technology with reduced noise emission 
CPX Close proximity 
F&T Freeze and thaw 
OGFC Open graded friction course 
PA Porous asphalt  
SMA Stone mastic (matrix) asphalt  
SPB Statistical pass-by 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Research objectives and scope 
According to the experience from other geographical locations (e.g. state of Indiana, USA) with a climate 
conditions similar to those existing in Poland, it is possible to construct durable asphalt pavements reducing 
tire/pavement noise (Kowalski et al. 2009). The main objective of the research presented in this paper was to verify 
the opportunity to apply “quiet pavement” technology in Poland and to select the most effective mixtures in terms of 
their acoustical and durability properties. 
This paper presents results of the research work conducted within the CiDRO research project. The project was 
conducted by a consortium of Mostostal Warszawa – leader of the consortium (industrial partner), Warsaw University 
of Technology – Faculty of Civil Engineering and Road and Bridge Research Institute (IBDiM) – Department of 
Pavement Technology (scientific members of the consortium). The project was supported by the Polish National 
Centre for Research and Development. 
Within the scope of the CiDRO project presented in this paper, various noise reducing asphalt technologies were 
tested in both laboratories and on the field sections. Those sections included the following types of asphalt surface 
layers: AC 11 and SMA 11 (reference), SMA 5 and SMA 8, open graded friction course (open graded mixture 
commonly used in the USA) OGFC 8 and OGFC 11, porous asphalt PA8 and PA11. The range of laboratory research 
program consists of typical quality control and evaluation studies of functional characteristics such as resistance to 
water and frost, low temperature cracking resistance, aging resistance, rheological properties and fatigue life. In 
addition, field tests such as noise emissions by CPX and SPB, depth of texture, friction coefficient and in-situ water 
permeability were performed. Field tests were conducted after construction and repeated after winter period. 
Moreover, dirt (previously collected road debris) was spread on the surface and cleaning treatment was performed 
using specialized equipment. After those studies, selected properties of the pavement surface were tested to determine 
the effectiveness of cleaning system. Finally two most promising sections were proposed for construction on the 
traffic-exposed road and subjected for observation during their exploitation. An initial conclusions and 
recommendations were drawn regarding the mixture maximum aggregate size and air void content. 
3. Mix design and complementary tests 
Three types of asphalt mixtures allowing for tyre/pavement noise reduction were selected based on the pilot 
laboratory evaluation, as shown in Fig.1. Those mixtures (SMA, OGFC and PA) represents asphalts with different 
aggregate size, gradation, air voids content and tortuosity. In addition, two reference mixtures (AC and SMA) were 
designed in the laboratory. Collected gradations of tested asphalts are shown in Fig. 2.  
 
Fig. 1. Idea of quiet asphalt mixture types. 
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Fig. 2. Asphalt mixture gradations. 
Based on laboratory tests, polymer modified bitumens PmB 45/80-55 and PmB 45/80-65 were selected. In addition, 
adhesive agent and stabilizer were used to improve mixtures durability – amount of those additives was determined 
individually for each mixture. During asphalt mixture design, for each asphalt type and also for the reference mixtures, 
basic technical properties and properties related to performance of quiet mixtures were tested, such as horizontal and 
vertical permeability, F&T resistance (water sensitivity with sample freezing and testing by indirect tensile strength) 
and particle loss (asphalt cohesion tested by Cantabro method). Results of those tests are shown in Tab. 1, while setup 
for permeability test is shown in Fig. 3. 
Fig. 3. Permeability sample preparation and testing device. 
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Table 1. Laboratory performance tests. 
Asphalt 
type 
Asphalt name 
Air voids  
in Marshall  
sample  
EN-12697-8 
Permeability  
EN-12697-19 F&T  
resistance* 
Particle loss 
EN-12697-17 
Wheel tracking  
EN-12697-22 
Binder 
drainage  
EN-12697-18 Vertical Horizontal 
reference 
R_AC11S 3.2% - - 97% - 
WTSAIR 0.1 
PRD9.1% 
- 
R_SMA 11 3.1% - - 90% - 
WTSAIR 0.1 
PRD5.7% 
0.18 
I 
I_SMA 5 4.1% - - 94% - 
WTSAIR 0.1 
PRD6.2% 
0.10 
I_SMA 8 3.5% - - 86% - 
WTSAIR 0.1 
PRD7.5% 
0.10 
II 
II_OGFC 8_13 13.8% 0.04 0.12 88% 2.3% 
WTSAIR 0.3 
PRD16.6% 
0.10 
II_OGFC 11_13 13.2% 0.08 0.15 88% 3.5% 
WTSAIR 0.3 
PRD16.9% 
0.10 
III 
III_OGFC 8_18 18.3% 0.54 0.89 89% 4.5%  0.20 
III_OGFC 11_18 18.6% 0.65 0.90 92% 6.3%  0.20 
III_PA 8 23.4% 1.56 2.01 84% 7.2%  0.10 
III_PA 11 25.8 3.25 2.25 88% 26.2  0.10 
* EN-12697-12 + WT-2 2014, Polish requirements. 
 
Based on the conducted tests and analyzes and feasibility regarding the number of various road trial sections, six 
“quiet” asphalts were selected for further laboratory and field verifications. Following mixtures were selected: 
x SMA 5 and SMA 8 (Type I, deep macrotexture but low air voids content of 3.5–4.0%), 
x OGFC 8_13 (Type II, deep macrotexture and intermediate air voids content of 13.8%), 
x OGFC 11_18, PA 8 and PA 11 (Type III, deep macrotexture and high air voids content of 18.6–25.8%).  
Reference AC 11 and SMA 11 mixtures exhibit 3.2–3.3% of air voids. Results of laboratory tests of asphalt 
mixtures confirmed their applicability to the Polish weather conditions. Specific selection of mixtures depends on the 
planned road details, especially expected traffic level and type as well as expected pavement clogging by debris. 
Program of complementary tests consists on: fatigue, stiffness and resistance to low temperature cracking. The test 
specimens were prepared in the original state (no aging) after short-term aging (STOA) and after long term aging 
(LTOA). The aging process is particularly important in the case of mixtures for wearing course with an open structure. 
Due to space limitation, details of those tests are not presented here. 
4. Construction of test sections 
For field verification of laboratory findings, test sections were built on the south section of the technical road along 
the highway A2 near the village of Bolimów (about 80 km south from Warsaw). The technical road, closed for public 
traffic, had an unbound surface course made of crushed aggregate, with a width of about 4.5–5 m and is situated in 
a slight embankment of 0.3–0.5 m height.  
Construction cross section consisted of wearing course (different types of asphalt mixtures) with the thickness of 
4 cm, sealing layer, binder course with a thickness of 6 cm made of asphalt concrete AC16 and existing unbound 
layer. The essential feature of this construction was the need for effective drainage of the water absorbed through 
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porous wearing course. This can be achieved by suitable profiling of the cross section (one-sided inclination of 2.5%) 
and special sealing layer that protects against penetration of the water into lower part of the structure. The base for 
this layer was thoroughly cleaned in the mechanical and manual way, and then sprayed with the bituminous emulsion 
in the quantity of 0.8 kg/m2 (0.5 kg/ m2 of remaining bituminous). Then the aggregate 5/8 coated with bituminous was 
spread in the quantity of 7 kg/m2. The aggregate was pressed by a roller in the emulsion layer. As next, spraying with 
the emulsion in the quantity 2.5 kg/m2 (1.5 kg/m2 of the remaining bituminous) was repeated. Finally, the interlayer 
was left untouched for the time necessary to allow the penetration of binders in the layer and evaporation of water 
from the emulsion.  
Test road of the length 950 m was divided on eight sections with different asphalt mixtures used: quiet SMA 5, 
SMA 8, OGFC 11, OGFC 8, PA 8, PA 11 and reference AC 11 and SMA 11 (refer to Fig. 4). 
 
 Fig. 4. Test sections. 
Asphalt mixtures were produced on the asphalt plant located about 500 meters from the construction side. 
Production and mixture placement began from the SMA 5 section and then continued according to the plan of test 
sections. Thanks to good organization of work, laying was performed without standstills and there were no 
technological connections, where usually sealing materials are used. In case of porous pavement, water should not be 
stopped in the porous layer, so sealing of the technological connections or side edges should be avoided. Compaction 
of the wearing course was performed with the use of medium steel rollers. Vibrations were not used due to the potential 
for destruction of the aggregate skeleton of porous layers and blocking the system of water drainage channels. The 
optimum content of voids was achieved in six passes. In order to assess the quality of the wearing courses, the control 
tests were performed: layer thickness, void content, compaction degree and mix composition. Fig. 5 presents results 
of compaction degree and voids content. Taking into account compaction degree, it can be concluded that only one 
section has lower than expected compaction degree. But in some other, it was even more than 100% of compaction 
degree, which led to lower voids content. Visual inspection found some broken aggregate particles. It means that 
probably compaction energy was too high. The production process and laying were supervised by group of experts 
from the contractor company and research units.  
Fig. 5. Wearing courses control tests: (a) compaction degree; (b) air voids. 
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5. Field observations 
On the test sections a number of different field tests were accomplished, among them noise emission test with use 
of CPX method, water drainage test, friction and macrotexture. Some of those tests were performed several times over 
a period of two years from November 2012 to September 2014. In addition, in October 2013 artificial road 
contamination was performed and in October 2014 cleaning procedure was executed. 
5.1. Dirtying and cleaning 
Artificial dirtying of the surface was conducted to estimate the impact of such action on the acoustic properties and 
drainage. Material for contamination was from the company responsible for street cleaning. 
Dirt was distributed automatically with use of farm machinery in the amount of 180 g/m2. To ensure even 
distribution of the dirt, the surface was brushed and water was poured to enable transportation of the material into the 
pores of the layer. For cleaning process a special vehicle was brought from Slovakia (see Fig. 6) to perform vacuum 
cleaning of porous surfaces with water. 
 
Fig. 6. Cleaning machine on the test section. 
5.2. Noise emission measurements 
Noise tests were conducted by team from the Mechanical Faculty of the Gdańsk University of Technology. The 
applied CPX method is described in the standard ISO/CD 11819-2 and is based on measurement of rolling noise of 
the wheels of vehicles using two microphones installed near the junction of the tire with the road, inside the trailer 
(Fig. 7). Two kinds of reference tires were used: tire SRTT represents personal vehicle and tire AAV4 represents 
heavy vehicle. In CPX method usually three speed levels are tested: 50, 80 and 110 km/h. Due to very short 
acceleration section it was decide to reduce the speed to two levels: 40 and 50 km/h. The noise emission tests were 
conducted four times: in November 2012, May 2013, October 2013 (immediately after dirtying) and in September 
2014 (directly after road cleaning).  
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Fig. 7. (a) CPX trailer and (b) noise testing. 
 
Fig. 8. Noise emission tests (a) at 40 km/h; (b) at 50 km/h. 
On the basis of the measurement results, it was found that irrespective of the date of measurement and speed, the 
quietest mixtures are OGFC8, PA8, SMA5 (see Fig. 8). Following is the reference asphalt concrete AC11, which 
proved to be better in terms of noise than other mixes used in the sections. On this basis, it can be concluded that 
mixtures OGFC11 and PA 11 were not proven to be effective solution to reduce noise emissions. This rather 
unexpected result could be caused by the presence of not traffic-wear bitumen on aggregate particles in the asphalt 
surface as a result of closed-to-the-public-traffic sections and due to over compacting of those layers. On the other 
hand, the content of air voids in the wearing course PA11 and OGFC 11 was typical for this type of mixtures. These 
could indicate, that behavior of AC11 is rather better than expected. After spreading the dirt, noise emissions on all 
sections increased and the cleaning treatment led to an improvement. The relatively smallest improvement was seen 
in the case of surface course with PA8 and PA11 mixtures. 
81
82
83
84
85
86
87
88
89
90
Novemeber 2012 May 2013 October 2013 September 2014
dB
(A
)
40 km/h
  OGFC8   OGFC11   PA8   PA11
  SMA5   SMA8   SMA11   AC11
84
85
86
87
88
89
90
91
92
93
Novemeber 2012 May 2013 October 2013 September 2014
dB
(A
)
50 km/h
  OGFC8   OGFC11   PA8   PA11
  SMA5   SMA8   SMA11   AC11
2732   Karol J. Kowalski et al. /  Transportation Research Procedia  14 ( 2016 )  2724 – 2733 
5.3. Water permeability 
 Another measurement important from the point of view of the expected properties of the porous layer was water 
permeability test using the “in-situ” method. This test protocol was proposed by researcher from Warsaw University 
of Technology based on the test method adopted from TX-246-F (Arambula et al. 2013). This method involves 
measuring the time of water flow from the cylinder standing on the pavement. Results presented on Fig. 9 indicates 
that, in general, porous layers are characterized by lower flow time than conventional wearing courses. 
 
Fig. 9. Water permeability test results. 
5.4. Surface properties 
Pavement Diagnostic Division (IBDiM) performed tests of surface properties in terms of the friction coefficient 
and macrotexture depth. Results of the friction coefficient are low, due to the characteristic of the freshly made surface, 
not subjected to impact of the traffic (see Fig. 10a). Macrotexture depth measurements were accomplished with use 
of laser profilograph in accordance with DIN EN ISO 13473-1. Result of measurements determined as the average 
profile depth (converted to the depth of the texture ETD) are shown in Fig. 10b. 
Fig. 10. Surface properties: (a) friction coefficient; (b) macrotexture depth. 
6. Summary and recommendations 
Based on the conducted tests and analysis it was concluded, that indeed some “quiet asphalts” should behave well 
in roads constructed in Polish climate conditions. In order to fully determined their viability, two most promising 
mixtures were selected for further testing in open-to-public-traffic road sections. Two mixtures selected were PA 8 
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(air voids of about 22–24%) for high-speed roads located outside the cities and OGFC 8 (air voids of about 14%) for 
medium speed roads located in urban locations. Aforementioned selection was mainly related to maintenance schedule 
required for both mixture types. 
Major conditions which should be taken into account once using “quiet asphalts” are:  
x Proper location (e.g no road sections subjected for shearing forces from turning vehicles), 
x Selection of asphalt mixture assuming traffic characteristic (vehicle type and speed), 
x Adequate water drainage with proper shoulders and pavement slope, 
x Proper pavement maintenance which would allow for clean porous system. 
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